The ability of Acinetobacter baumannii to adhere to and persist on surfaces as biofilms could be central to its pathogenicity. The production of pili and a biofilm-associated protein and the expression of antibiotic resistance are needed for robust biofilm formation on abiotic and biotic surfaces. This multistep process also depends on the expression of transcriptional regulatory functions, some of which could sense nutrients available to cells. This report extends previous observations by showing that although outer membrane protein A (OmpA) of A. baumannii 19606 plays a partial role in the development of robust biofilms on plastic, it is essential for bacterial attachment to Candida albicans filaments and A549 human alveolar epithelial cells. In contrast to abiotic surfaces, the interaction with biotic surfaces is independent of the CsuA/BABCDE-mediated pili. The interaction of A. baumannii 19606 with fungal and epithelial cells also results in their apoptotic death, a response that depends on the direct contact of bacteria with these two types of eukaryotic cells. Furthermore, the bacterial adhesion phenotype correlates with the ability of bacteria to invade A549 epithelial cells. Interestingly, the killing activity of cell-free culture supernatants proved to be protease and temperature sensitive, suggesting that its cytotoxic activity is due to secreted proteins, some of which are different from OmpA.
The genus Acinetobacter is a genetically diverse group of aerobic, gram-negative, nonfermenting bacteria (48, 49) . Although acinetobacters are commonly described as being ubiquitous nonpathogenic bacteria, those strains belonging to the Acinetobacter baumannii-Acinetobacter calcoaceticus cluster are emerging as relevant opportunistic human pathogens due to their increases in virulence and multidrug resistance (13, 32, 34) . Members of this genus play an important role in nosocomial infections and have attracted particular attention in severe cases associated with intensive care unit patients (4, 53) . These infections manifest as serious diseases in compromised human hosts, particularly in cases of ventilator-acquired pneumonia, urinary tract infections, septicemia, and wound infections. More recently, A. baumannii has emerged as a serious pathogen among soldiers returning from Iraq and Afghanistan, with those suffering penetrating injuries being at the highest risk (9, 12, 13, 32, 34, 57) . These are some of the reports that demonstrate the emergence of A. baumannii as a relevant pathogen that causes severe infections in civilian and military medical facilities. These infections are extremely difficult to handle because of the multiple-antibiotic-resistance phenotype of most clinical isolates.
The capacity of A. baumannii to cause disease in compromised patients and persist in the medical environment could be attributed to its resistance to major antimicrobial drugs (34) and desiccation (18) , the latter of which is greater than that described for the Enterobacteriaceae and similar to that observed for Staphylococcus aureus. This remarkable resistance phenotype could be attributed to the ability of A. baumannii clinical strains to form biofilms on abiotic surfaces (27, 45, 51, 52) , particularly those isolated from catheter-related urinary or bloodstream infections as well as from a case of shunt-related meningitis (36) . Similarly, the ability of A. baumannii to adhere to human bronchial epithelial cells (21, 22) could explain the colonization and persistence of this bacterial pathogen in the infected human host. In the case of the interaction with abiotic surfaces, genetic and molecular analyses showed that biofilm initiation by type strain 19606 depends on pilus production via the CsuA/BABCDE usher-chaperone assembly system when cells are statically cultured in rich broth (45) . However, the pili assembled via this secretion system are not required for biofilm formation on polystyrene when cells are cultured in a chemically defined medium, although these biofilms are less robust than those formed under nutrient-rich conditions (46) . Mutagenesis analysis of A. baumannii strain 307-0294 showed that the production of a homologue of the staphylococcal biofilmassociated protein (Bap) is needed for the stabilization of biofilms formed on glass (27) . This role together with its cell surface location suggest that this protein, which is conserved among members of a panel of 98 Acinetobacter strains, is involved in cell-to-cell interactions that support biofilm maturation. All these observations, together with the fact that a twocomponent regulatory system controls biofilm development (46) , indicate that biofilm formation by A. baumannii on abiotic surfaces is a multistep process that involves several cellular structures and functions, some of which are regulated in response to changes in specific environmental cues, such as changes in the concentration of free extracellular cations (21, 45) . Much less is known, however, about the interaction of A. baumannii with biotic surfaces. It is apparent that the adhesion of this pathogen to human bronchial epithelial cells, as well as biofilm formation on plastic, is enhanced by the presence and expression of the bla PER-1 gene (21) . However, the mechanisms by which A. baumannii interacts with biotic surfaces, such as those representing human epithelia, and the regulatory processes that could control these mechanisms remain to be characterized.
To shed some light on some of the above-mentioned mechanisms, this study examines the interaction of A. baumannii 19606 with relevant biotic surfaces such as those represented by Candida albicans and A549 human alveolar epithelial cells. C. albicans has been used to study some aspects of the pathobiology of Pseudomonas aeruginosa (16) . Interactions with this fungal pathogen may reflect complex bacterial-fungal processes occurring during the colonization of the human host (55) . These processes have the potential of determining the outcome of infections caused by these microbial pathogens, as was described previously for P. aeruginosa burn wound infections (15) and the observation that C. albicans is the reservoir of Helicobacter pylori (37) . These possibilities, which have not been explored with A. baumannii, are worthy of consideration because of the persistence of A. baumannii in medical settings, which are shared with C. albicans, and its remarkable antibiotic resistance. In a more practical sense, this experimental model could serve as a convenient tool to examine the pathobiology of A. baumannii. A549 alveolar epithelial cells may represent the host target during the respiratory infections that A. baumannii causes in humans. This work shows that major outer membrane protein A (OmpA) plays a partial role in biofilm formation on plastic but is absolutely required for attachment to fungal filaments and epithelial cells, processes that are independent of the production of the CsuA/BABCDE-mediated pili. OmpA production and direct contact of bacteria with fungal filaments and epithelial cells also play a role in their killing by apoptosis.
MATERIALS AND METHODS
Bacterial and fungal strains and medium conditions. The bacterial and fungal strains used in this study are listed in Table 1 . All bacterial strains were cultured in Luria-Bertani (LB) agar or broth (38) at 37°C. C. albicans strains were cultured at 30°C with yeast-peptone-dextrose (YPD) broth and agar (10 g/liter yeast extract, 20 g/liter peptone, 20 g/liter dextrose, and 15 g/liter agar when necessary).
DNA procedures. Total DNA was isolated either by ultracentrifugation in CsCl density gradients (29) or by using a miniscale method (2) . Plasmid DNA was isolated using commercial kits (Qiagen). DNA was sequenced with standard automated DNA sequencing methods using BigDye (Applied Biosystems) chemistry on an Applied Biosystems Prism 310 or 3100 instrument. M13 forward and reverse primers (56) , primers T7 and T3 (Invitrogen), or custom-designed primers were used for this purpose. Sequences were assembled using Sequencher 4.2 (Gene Codes Corp.). Nucleotide and amino acid sequences were analyzed with DNASTAR, BLAST (http://www.ncbi.nlm.nih.gov), EMBOSS (http://liv.bmc.uu .se/emboss/), and the software available through the ExPASy Molecular Biology Server (http://www.expasy.ch).
Insertion mutagenesis, mapping, and genetic complementation. A library of 3,000 A. baumannii 19606 insertion derivatives, generated with the EZ:: TNϽR6K␥ori/KAN-2Ͼ Tnp transposome system as described previously (14) , was screened visually for defects in biofilm formation on microtiter plates stained with crystal violet (45) . The biofilm phenotype of selected derivatives was confirmed with quantitative assays using 3-ml (7.5-by 1.1-cm) polystyrene tubes and crystal violet staining as described below. Chromosomal transposon insertions affecting biofilm formation were mapped by automated DNA sequencing of EcoRI-rescued plasmid DNA (45) . The ompA parental allele was PCR amplified using total 19606 DNA as a template, Pfu DNA polymerase, and primers 2913 (5Ј-CGGGATCCGGTAAAATCACGGCAAGC-3Ј) and 2914 (5Ј-CGCCTAG GACAAAGGTGGTATGCACG-3Ј), both of which included BamHI restriction sites. The amplicon was ligated into the BamHI site of A. baumannii-Escherichia coli shuttle vector pWH1266 and transformed into E. coli Top10 cells. Plasmid DNA from an ampicillin-resistant, tetracycline-sensitive transformant, named pMU595, was conjugated into A. baumannii 19606 cells using triparental mating (1) with E. coli DH5␣ harboring pRK2073 as a helper (26) . A. baumannii 19606 transconjugants harboring complementing plasmid pMU595 were recovered by plating onto Simmons citrate agar containing kanamycin (40 g/ml) and ampicillin (500 g/ml). The presence and stability of pMU595 in the complemented strain were confirmed by restriction analysis and DNA sequencing of plasmid DNA isolated from cells cultured in LB broth containing 200 g/ml ampicillin.
Biofilm assays and electron microscopy. Biofilm formation on polystyrene was assessed by crystal violet staining of cells statically cultured in LB broth as described previously (45) . Biofilms were colorimetrically quantified using ratios of the optical density at 580 nm to the optical density at 600 nm to normalize the amount of biofilm formed to the total cell content of each sample. Assays were done in duplicate at least twice by using fresh biological samples each time. For scanning electron microscopy (SEM), static cultures were grown in 50-ml conical tubes with plastic coverslips semisubmerged in 5 ml of LB broth. Coverslip samples were handled and processed as described previously (45) . Samples were visualized with a Zeiss Supra Gemini 35VP field emission scanning electron microscope.
Protein analysis. Total membrane fractions were isolated from sonically disrupted bacterial cells by high-speed centrifugation (1) . Proteins were size fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using 12.5% polyacrylamide gels and either stained with Coomassie blue or electrotransferred onto nitrocellulose filters (1) . The protein blots were probed with anti-OmpA serum, and the immunocomplexes were detected by chemiluminescence using protein A labeled with horseradish peroxidase (1) . Polyclonal anti-OmpA serum was raised in rabbits injected with OmpA electroeluted from polyacrylamide gels after total membrane proteins were size fractionated by SDS-PAGE and stained with Coomassie blue (1) . Protein electroelution was done with an IBI electroeluter under the conditions recommended by the instrument manufacturer. Specific antibodies were immunopurified with nitrocellulose strips containing the OmpA protein band (30 
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Bacterial-fungal attachment and killing assays. C. albicans SC5314 and the tup1 isogenic constitutive filamentous derivative (7) were grown in YPD broth at 30°C for 48 h prior to being washed in preconditioned medium (PCM). PCM, which described previously (16) , is defined as the filter-sterilized supernatant of an early-stationary-phase-grown bacterial culture. Bacterial cultures were grown overnight in LB broth at 37°C with constant shaking. After washing in their respective PCM by centrifugation, approximately 2 ϫ 10 6 bacterial cells (in 0.5 ml PCM) were added to 0.5 ml PCM containing either 1 ϫ 10 6 SC5314 cells or 1 ϫ 10 5 tup1 strain cells. One-milliliter cocultures were incubated without shaking at 37°C for 24 h to 72 h prior visualization using fluorescence or electron microcopy. For electron microscopy, coincubation samples grown for 24 h were fixed, dehydrated, critical-point dried, gold coated, and visualized with a Zeiss Supra 85V Gemini series scanning electron microscope as described previously (45) . Micrograph observations were confirmed by counting the number of visible bacteria attached to 50 m of fungal filaments in 10 different fields of each sample. For fluorescence microscopy, 50-l aliquots were taken from each sample after 24 h of coincubation, washed with phosphate-buffered saline (PBS), and stained using the Live/Dead Backlight viability stain (Molecular Probes). Samples were examined with an Olympus FV500 laser scanning confocal microscope. C. albicans cells incubated in sterile LB broth and bacterial cells either treated with 0.5% formaldehyde or heated at 65°C for 30 min prior to addition to the fungal cells were used as controls. The secretion of potential bacterium-killing factors was examined by incubating fungal cells with culture supernatants grown overnight that were obtained from each bacterial strain and which were filtered through a 0.22-mm filter. The thermostability and protease sensitivity of killing factors secreted by bacterial cells were tested by preincubating cell-free culture supernatants at 65°C for 30 min or with 50 g/ml proteinase K for 30 min at 37°C followed by the addition of phenylmethylsulfonyl fluoride (PMSF) to a final concentration of 100 g/ml. P. aeruginosa PAO1 cells and cognate culture supernatants were used as positive controls. Fungal killing results obtained with microscopy were confirmed by viable plate counts. For this purpose, bacterial cell-fungal cell cocultures were established as described above, and at 24-h intervals, 10 l of each sample was taken, diluted in YPD broth, and plated onto YPD agar containing 60 g/ml tetracycline, 30 g/ml chloramphenicol, and 30 g/ml gentamicin. CFU were determined after plates were incubated at 30°C for 48 h. These experiments were repeated three times using fresh samples each time.
Evaluation of apoptosis using the TUNEL assay. Fungal cell death due to apoptosis was tested with the DeadEnd terminal deoxynucleotidyltransferasemediated dUTP-biotin nick end labeling (TUNEL) assay (Promega) as previously described (35) , with some modifications. Briefly, fungal filaments were grown and used in attachment assays as described above. After 24 h of coincubation, a 100-l sample was taken and washed vigorously with PBS solution three times. Next, the fungal samples were fixed with 4% formaldehyde in PBS at room temperature for 2 h, and the samples were then suspended in 100 l of fresh 4% formaldehyde in PBS and placed onto a poly-L-lysine-coated glass coverslip for 2 h. Afterward, the cells were washed three times with PBS, protoplasted for 15 min as previously described (35) , and then permeabilized with 0.2% Triton X-100 in PBS for 5 min. The coverslips were then washed twice with PBS and equilibrated with reaction buffer for 10 min, and DNA fragments were labeled via a deoxynucleotidyltransferase reaction at 37°C for 1 h. The coverslips were immersed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate) solution provided with the kit for 15 min to stop the end-labeling reaction. After washing twice with PBS, the coverslips were mounted and examined with an Olympus AX-70 wide-field multimode microscope.
A549 adhesion and invasion assays. To determine bacterial adhesion, A549 human alveolar epithelial cells were grown in 5% CO 2 at 37°C in Ham's medium supplemented with 10% heat-inactivated fetal bovine serum to 70% confluence in six-well plates or on tissue culture-treated plastic coverslips placed in six-well plates. Confluent monolayers were washed three times with prewarmed PBS solution before infection with 2 ϫ 10 6 bacterial cells per well and subsequent incubation for 60 min at 37°C. For quantitative purposes, the infected monolayers were washed three times with PBS and then lysed in 1 ml of sterile deionized water. Dilutions of the lysates were plated onto LB agar and incubated at 37°C for 24 h. The following day, the colonies were counted to determine the number of bacteria that attached to A549 cells. For microscopy purposes, the coverslips were washed five times with prewarmed PBS and fixed with 4% formaldehyde in PBS for 2 h. For SEM analysis, coverslip samples were secondarily fixed with 1.5% osmium tetroxide for 1 h before dehydration with progressively increasing concentrations of ethanol. The coverslips were then subjected to critical-point drying before being mounted and coated with 20 nm of gold. Samples were viewed with a Zeiss Supra Gemini 35VP field emission scanning electron microscope. For TUNEL assays, samples were processed as described above and examined with an Olympus AX-70 wide-field multimode microscope. Experiments using cell-free culture supernatants were done as described above for the analysis of bacterium-fungal filament interactions.
To determine bacterial invasion, A549 monolayers were grown in six-well plates, infected, and washed as described above for the adhesion assays. The monolayers were then treated with 2 ml of gentamicin (10 mg/ml in PBS) for 30 min, the shortest time point that resulted in the killing of all bacteria added to the monolayers. Afterward, the cells were washed three times with PBS, and the cells were trypsinized and resuspended in PBS. Epithelial cells were collected by centrifugation and lysed in 1 ml of sterile deionized water. Dilutions of the lysates were plated onto LB agar and incubated at 37°C for 24 h. The following day, the colonies were counted to determine the number of bacteria that had invaded the eukaryotic cells. The adhesion and invasion assays were repeated three times using fresh biological samples each time.
RESULTS
Role of an OmpA homologue in biofilm formation on plastic. Screening of 3,000 A. baumannii EZ::TNϽR6K␥ori/ KAN-2Ͼ insertion mutants using microtiter plate biofilm assays resulted in the identification of several derivatives that were affected in biofilm formation as reported previously (14, 45) . Among them were derivatives in which biofilm formation was diminished but not abolished when cells were statically cultured overnight in LB broth. The biofilm-deficient phenotype of one of these derivatives, A. baumannii 19606 mutant strain 3:233, was confirmed using 3-ml polystyrene tubes, where it formed significantly reduced biofilms compared with those formed by the parental strain under the same experimental conditions (Fig. 1A) . Quantitative biofilm assays proved that there was a significant difference between the biofilms formed by the 19606 parental strain and the 3:233 isogenic insertion derivative (Fig. 1B) . Rescue cloning and nucleotide sequence analysis of the 3:233 derivative mapped the transposon insertion within a gene coding for a translation product that is highly related (E values higher than 1e Ϫ5 ) to major outer membrane protein A described for a wide range of bacteria, including A. baumannii (6, 11, 50) , which plays a role in several important cellular functions (42) . This coding region represents a putative monocistronic operon located between two divergently transcribed predicted genes coding for a conserved hypothetical protein and a FimT-related protein. The role of ompA in biofilm formation was confirmed by the observation that the conjugation of pMU595, which carries only the ompA wild-type allele cloned into Escherichia coli-A. baumannii shuttle vector pWH1266, into 3:233 was enough to restore the parental biofilm phenotype in this isogenic derivative ( Fig. 1A and B) . Taken together, these observations indicate that the biofilm defect of the 3:233 derivative is not due to polar effects or multiple insertions of the transposon used to generate the insertion bank screened in this work. It is important to note that the parental strain, the 3:233 OmpA mutant, and the 3:233C OmpA-complemented derivative did not display significant differences in growth rates when cultured in shaken or static LB broth (data not shown). Furthermore, restriction analysis and DNA sequencing proved that pMU595 was stably maintained as an independent replicon without detectable rearrangements in the complemented derivative 3:233C (data not shown).
Immunoblot analysis with anti-OmpA serum showed that the expression of ompA and the formation of biofilms on plastic are associated with the production of a 38-kDa protein that was detected in the total membrane fraction of 19606 cells (Fig. 1C) . Such a protein band was also detected in the total membrane fraction of 3:233 mutant cells only when they harbored the pMU595 ompA complementing plasmid.
Effect of ompA inactivation on biofilm architecture. SEM analysis of biofilms formed on plastic showed that, as expected from results reported in previous work (45) , parental strain 19606 formed cell aggregates at the liquid-air interface with an architecture compatible with that of bacterial biofilms (Fig. 2) . In contrast, the 3:233 OmpA mutant formed significantly simpler and fewer cell aggregates. The complementation of strain 3:233 with a plasmid copy of the parental ompA allele resulted in the formation of biofilms with a structure similar to that displayed by parental strain 19606 (Fig. 2) . These observations are in agreement with the results obtained with crystal violet biofilm assays (Fig. 1) .
It is interesting to note that unlike the filaments that connect the 19606 biofilm cells, those produced by the 3:233 OmpA mutant were instead found to be detached from the cell clusters on the plastic surface (Fig. 2) . Furthermore, a large proportion of the 3:233 mutant cells showed the presence of short and round projections (Fig. 2 ) not seen on the 19606 biofilm cells. These short round projections may represent vesicle-like structures protruding from the cell surface rather than truncated pili, since almost no cell appendages could be observed on the surface of the 3:233 mutant cells. These cell structure alterations may reflect those observed previously during transmission electron microscopy analysis of the A. baumannii 19606 KS37 ompA mutant (11) .
Attachment to eukaryotic cells. Most of the work reported so far has examined the interaction of A. baumannii with abiotic surfaces, and little is known about the interaction of this pathogen with biotic surfaces that could be relevant to the pathobiology of this bacterium. To address this issue, we adapted the C. albicans model used to study P. aeruginosa virulence (16) . SEM analysis of fungal-bacterial cocultures showed that A. baumannii 19606 cells attached to C. albicans tup1 strain filaments, where they formed aggregates in which bacterial cells were stacked on top of each other on the surface of the fungal filaments (Fig. 3) . Such structures were not detected when this fungal strain was incubated in sterile LB broth (data not shown). In contrast, the bacterial cells did not attach to SC5314 cells, which showed the expected yeast cell morphology (Fig. 3) . Although not shown, P. aeruginosa PAO1 cells, which were used as a control, displayed a similar behavior. This observation is in agreement with the results previously reported for this experimental model (16) . Interestingly, the A. baumannii 144 derivative, which does not attach to and form biofilms on plastic due to the inactivation of csuE and the consequential lack of CsuA/BABCDE-mediated pilus production (45) , also attached to the fungal filaments and formed structures similar to those seen with parental strain 19606 (Fig.  3) . In contrast to the results obtained with the parental strain and the 144 derivative, the interruption of the ompA gene (Fig. 3) . However, the attachment phenotype of this 19606 isogenic insertion derivative was restored to the level of the parental strain when it was genetically complemented with pMU595 (Fig. 3) . Figure 3 (bottom right) shows that micrograph observations are supported by the quantification of visible bacteria attached to tup1 strain filaments. We also examined the interaction of A. baumannii 19606 with A549 human alveolar epithelial cells, which could be the host target during the respiratory infections that this pathogen causes in humans. SEM showed that 19606 cells attached to the surface of A549 cells, causing cell rounding, a loss of cell projections, as well as their detachment from the plates after a 30-min infection, a response which was also detected when monolayers were infected with 144 bacterial cells (Fig. 4A) . Interestingly, microscopy observations and attachment assays showed that more 144 bacterial cells adhered to the surface of the epithelial cells than parental 19606 cells (Fig. 4A and B) . In contrast to the results obtained with the parental strain and CsuE mutant strain 144, infection of A549 monolayers with 3:233 OmpA-deficient cells resulted in almost no bacterial attachment, although their presence in the tissue culture medium caused an almost total loss of cell projections and a remarkable flattening of the eukaryotic cells (Fig. 4A and B) . Results obtained with invasion assays paralleled the electron microscopy and attachment data showing that in contrast to 3:233 OmpA mutant cells, whose invasion ability was drastically impaired, cells of parental strain 19606 and complemented strain 3:233C were able to invade A549 cells to comparable levels, while CsuE mutant strain 144 displays an enhanced invasion phenotype (Fig. 4C) .
Killing of eukaryotic cells. The coincubation of A. baumannii 19606 cells with C. albicans tup1 strain filaments resulted in, in addition to bacterial attachment, significant killing of fungal filaments as determined by laser scanning confocal microscopy (LSCM) of Live/Dead-stained samples (Fig. 5) . In contrast, very few tup1 strain filaments and SC5314 yeast cells were dead when they were incubated in sterile LB broth or in the presence of 19606 cells, respectively (Fig. 5 ). Figure 5 also shows that the presence of A. baumannii 144 cells also resulted in bacterial attachment and significant killing of tup1 strain filaments. However, the killing of the fungal filaments was significantly reduced but not abolished when they were coincubated with A. baumannii 19606 mutant 3:233 OmpA-deficient cells. The killing-deficient phenotype of the 19606 OmpA mutant was reversed to that of the parental strain or the 144 derivative when it was genetically complemented with pMU595. It is important to note that although the magnitude of the effect produced by the presence of 3:233 cells is lower than that observed with the parental strain, it was significantly higher than that observed after the incubation of tup1 strain cells in sterile LB broth (Fig. 5 ).
The microscopy results described above were confirmed with viable plate count assays, which showed that the presence of 19606, 144, and 3:233C cells results in a drastic reduction in the number of viable tup1 strain filaments after 24 h of coincubation, with almost complete fungal death by 72 h compared with the CFU values obtained by incubating the fungal filaments with sterile LB broth (Fig. 6) . In contrast, the coincubation of C. albicans tup1 strain cells with A. baumannii 19606 mutant strain 3:233 cells resulted in a rather milder, although significant, reduction of the viability of the fungal filaments throughout the course of the 72-h incubation period.
The possibility that A. baumannii 19606 kills tup1 strain filaments by apoptosis, as was previously reported for human epithelial cells (10, 11, 22, 23) , was tested using a TUNEL assays as described previously for testing the role of Ras in C. albicans programmed cell death (35) . Figure 7 (top) shows that (Fig. 7, bottom) . Effect of bacterial culture supernatants on eukaryotic cell viability. Whether the ability of A. baumannii to kill eukaryotic cells depended on the direct interaction of bacterial cells with fungal filaments and alveolar epithelial cells was tested by repeating the killing assays described above using cell-free supernatants of bacterial cultures grown overnight. Figure 8 (top) shows that the incubation of tup1 strain filaments with A. baumannii 19606 and 144 culture supernatants for 24 h results in readily detectable fungal death. This phenomenon was not observed when the 19606 cell-free culture supernatant was heat inactivated at 65°C for 30 min (Fig. 8) or treated with proteinase K and PMSF (Fig. 9 ) prior to addition to the fungal filaments. A much more reduced killing effect was detected when the tup1 strain filaments were incubated with the culture supernatants of OmpA-deficient strain 3:233, although this defect was corrected when culture supernatants of ompA-complemented strain 3:233C were used in these assays (Fig. 8) . Testing of A549 monolayers using a similar approach showed that the presence of cell-free supernatants from 19606, 144, and 3:233C cultures or the presence of 2 M HCl caused similar killing effects, while the presence of the OmpA mutant strain 3:233 culture supernatant resulted in an apparent reduction in the apoptotic signal (Fig. 8) . As observed with the tup1 strain filaments, the heat inactivation of cell-free culture supernatants abolished their capacity to induce apoptosis in A549 cells (data not shown).
DISCUSSION
Screening of an A. baumannii 19606 bank of insertion derivatives for mutants in which biofilm formation was altered but not abolished resulted in the identification of strain 3:233. This isogenic derivative harbors a transposon insertion within a gene coding for a product that has the same predicted amino acid sequence (GenBank accession number AY485227) reported for A. baumannii 19606 outer membrane protein 38 (11) . Although that report was the first to provide evidence for the apoptotic role of this protein, that work and subsequent publications from the same research group (10, 19, 24, 25) did not provide experimental evidence supporting the role of this outer membrane protein in the ability of A. baumannii to interact with abiotic and biotic surfaces. Thus, the data presented in this report indicate that although not essential, as it is in the case of CsuA/BABCDE pili (45), OmpA is needed for the formation of robust biofilms on polystyrene. Whether OmpA plays a role at the initiation or maturation step of biofilm development is not clear at present. It is also unclear whether OmpA plays a direct or indirect role in bacterial attachment and biofilm formation. Our electron microscopy data indicate that OmpA inactivation results in apparent alterations of the bacterial cell wall, probably due to the desta- OmpA isogenic-deficient derivative KS37 (11) . Based on these considerations, it is tempting to speculate that the biofilm defect of the 3:233 insertion derivative is due to the lack of or poor anchoring of the CsuA/BABCDE pili on the cell surface, which are needed for the interaction with plastic surfaces (45) . Although this is an interesting hypothesis, the possibility that OmpA also has a direct function in the interaction of cells with abiotic surfaces cannot be discarded, considering the role of OmpA in biofilm formation by E. coli. OmpA is upregulated in clinical and laboratory isolates of E. coli during biofilm formation in hydrogels (31) and plays a role in the interaction of cells with abiotic surfaces (28) , and its absence significantly reduces biofilm mass when E. coli is cultured under nutrient-rich conditions in flow cell devices (3). Unfortunately, none of these reports indicated whether changes in or an abolishment of OmpA production is associated with the type of alterations in cell appearance that we describe in this report. In contrast to the results obtained with abiotic surfaces, OmpA proved to be essential for the ability of A. baumannii 19606 to attach to biotic surfaces such as those represented by C. albicans and human alveolar epithelial cells. Equally contrasting is the fact that the interaction of A. baumannii with these two types of eukaryotic cells is independent of the CsuA/ BABCDE-mediated pili. Taken together, these observations indicate that different A. baumannii cell products and structures, most of which remain to be identified, are involved in the interaction of this pathogen with abiotic and biotic surfaces. Furthermore, the differential attachment response that we obtained with C. albicans tup1 strain filaments and SC5314 yeast cells, which mimics the results obtained with P. aeruginosa when tested with this experimental model (16) , indicates that the composition of the eukaryotic cell surface is also an important factor in eukaryote-pathogen interactions. It is interesting that not only is the A. baumannii-A549 interaction pilus independent, but the absence of these cell appendages also favors bacterial attachment and invasion of epithelial cells. This could be due to a better exposure of other unknown bacterial adhesion and biofilm factors when these pili are absent. The adhesion of A. baumannii to human alveolar epithelial cells is in agreement with data from previous reports describing the interaction of this bacterial pathogen with other types of human respiratory cells such as human bronchial epithelial cells (21, 22) . This indicates that this pathogen interacts with different components of the human respiratory tract. However, our observation that OmpA is required for attachment to epithelial cells contradicts data reported previously by Choi et al. (11) . This disagreement could be due to either differences in experimental conditions or the utilization of different cell lines. In spite of these discrepancies, our observations regarding the role of this major outer membrane protein in host-pathogen interactions are supported by reports showing that OmpA is involved either in bacterial attachment and the differential production of type 1 fimbriae in E. coli K1 (39, 44) , the etiological agent of meningitis in neonates, or in the adhesion process involving other relevant human bacterial pathogens, such as enterohemorrhagic E. coli (47) , nontypeable Haemophilus influenzae (40) , as well as the animal pathogen Mannheimia haemolytica (20) . Accordingly, in silico analysis of the predicted structure of A. baumannii 19606 OmpA shows structural and amino acid sequence features that are central to the adhesion role of this protein (42) , predictions which are being tested by amino acid deletions or changes using site-directed approaches.
Our data also present strong experimental evidence showing that infection of A549 human alveolar epithelial cells leads to apoptotic death, an observation that is in agreement with the results obtained after infection or incubation of Hep-2 human laryngeal epithelial cells with A. baumannii 19606 cells or purified OmpA (11) . Our observation that A. baumannii 19606 cells also attach to and kill C. albicans tup1 strain filaments but not SC5314 yeast cells also resembles data from a recent report by Peleg et al. (33) . However, the killing of tup1 strain filaments by apoptosis is a novel observation. Furthermore, our data show that the death of both types of eukaryotic cells depends largely on the production of OmpA. Also novel is our observation that the A. baumannii 19606 cytotoxic effect is independent of bacterial attachment to epithelial cells and fungal filaments via CsuA/BABCDE pili. The A. baumannii 19606 144 derivative, which harbors an insertion in csuE that Taken together, all these observations indicate that factors other than these pili, which remain to be identified and characterized, play a role in the interaction of A. baumannii with eukaryotic cells. Finally, the observation that cell-free supernatants of A. baumannii 19606 cells cultured in the absence of eukaryotic cells have cytotoxic activity indicates that this pathogen secretes cytotoxic factors independently of the presence of fungal filaments or epithelial cells. Although this response is independent of the production of CsuA/BABCDE pili, it is apparent that OmpA plays a role in the production of secreted unknown cytotoxic compounds that proved to be heat and protease sensitive. Furthermore, the fact that the response obtained with culture supernatants is lower than that detected with bacterial cells indicates that contact between bacteria and eukaryotic cells could be an important factor. The possibility of the production of cell contact-dependent factors is supported by the observation that the A. baumannii 17978 genome (41) has eight genes located in a pathogenicity island, which could code for putative functions related to the Legionella-Coxiella type IV secretion apparatus (41) . These genes together with additional chromosomal conjugation functions may play a role in the virulence of A. baumannii, as was previously described for other human bacterial pathogens (8) . Interestingly, prelimi- nary experiments showed that strain 17978 has a response similar to that displayed by 19606 when tested under the same experimental conditions.
In conclusion, this report extends previous observations regarding the nature and effects of the interactions of A. baumannii 19606 with abiotic and biotic surfaces. It is apparent that the ability of A. baumannii to form biofilms is multifactorial and diverse as well as adaptable to the nature of surfaces with which cells are interacting. Similarly relevant is the production of bacterial factors that also determine the outcome of these interactions when particular types of biotic surfaces are involved. The elucidation of these complex interactions is important not only for a better understanding of the pathobiology of A. baumannii but also for the identification of novel targets for future antimicrobial strategies as the age of antibiotics begins to wane.
